: ExpandFab creates various expanding 3D objects such as (a) a doll, (b) a trivet and (c) a functional prototype with embeded electric components.
INTRODUCTION
4D printing has attracted much attention as a novel manufacturing method for digital fabrication. This is a manufacturing method of objects, which have capabilities of deformation and self-assembly after the printing process. Through these methods, it can be expected to reduce assembling time and transportation cost, and provide opportunities for users for customization [2] .
To embody 4D printing, various methods and systems have been proposed so far. Many of these methods utilize light and flexible materials such as wires and sheets for ease of deformation, and the structures are sparse based on lines [31] and meshes [3, 34] . As shown in Figure 2 , in the existing 4D Printing research, the object is bent or expanded to change the shape, but in a hollow structure, it is difficult to swell while fixing objects inside. In a situation where a prototype including parts is manufactured, a structure that expands while fixing an object with a dense interior is desired. Furthermore, although the inflatable structure is durable, there is a risk that air will escape if one hole is opened. A structure that can maintain its shape even if several holes are formed is desired.
Polystyrene is a popular foam material for packaging because of its light weight, vibration resistance, high stress, and heat insulation properties. However, products made of polystyrene are typically manufactured through injection molding and it is difficult to form complex shapes or change the foaming rate locally.
Therefore, in this research, we propose ExpandFab, the digital fabrication method of 3D printable foam objects (Figure 1) . We have developed materials that can be cured and molded using UV light and expanded using an oven or heat gun. The expansion rate can be controlled by changing the blending ratio of the foam powder of this material. In addition, we have developed a 3d printing tool that can combine multiple expansion rate materials to create locally expanding objects. In our system, users can design expandable objects using our software to set the expansion areas on the surface. The software simulates expanding object and exports the 3D model into a 3D printer. The 3D printer prints the expandable object using a material. Finally, the user heats the printed objects with an oven or a heat gun, then the objects expand to maximum approximately 2.7 times of their original size ( Figure 3 ).
Using the technique of our ExpandFab, users can prototype various products such as capsules that can be expanded into various shapes, and functional prototype with electronic components. In this paper, we describe the modeling process using this technique, application scenarios, constraints and discussions, and future developments. 
RELATED WORK Personal fabrication
Personal fabrication tools such as laser cutters and 3D printers are widespread in daily life. In the field of Human Computer Interaction (HCI) research, various 3D modeling methods have been proposed. Numerous researchers proposed methods of creating objects at high speed using a 3D printer [18] , vacuum forming [37] , and a laser cutter [19, 33] . However, there are problems such as strength and printable size.
4D printing
4D printing is a novel manufacturing method that adds a temporal axis to 3D printing and is focused in the HCI field [2, 25] . This method creates objects that change their shape by simple stimuli such as hot water [31] . Generally, numerous methods involve one-way morphing, in which the original shapes are not returned after the deformation. However, it can be pointed out that they offer advantages such as reduced transportation cost and increased durability.
For example, CurveUps [5] and the research of Jesus [24] have proposed a method of morphing from a flat surface to a two-and-a-half dimensional (2.5D) shape by using the tension of a cloth. Transformative Appetite [35] is a shapechanging food using humidity. ShrinkyCircuits [13] uses heatshrinkable materials to create extremely small circuits. Thermorph [3] and 4D Mesh [34] are 4D printing methods that use heat-shrinkable plastic properties to transform pre-designed shapes by placing in hot water.
The objects created by these techniques can be morphed from a flat state to a pre-designed shape with simple stimuli, however most of their final shapes are based on 2.5D. These methods have limitations of durability and expressiveness for high-resolution shapes because the inside of the objects is hollow. Our method is also based on the principle of the 4D printing, but the created object can expand to the same size as the pre-designed shape and is durable with a high strength.
Fabricating expanding and inflatable objects
Inflatable structures are often used for shape-changing interfaces and products. For instance, PneUI [40] , aeroMorph [22] , Printflatable [27] , AccordionFab [39] , Larson et al [12] , Truby et al [32] , liquid crystal elastomers (LCEs) [41] , and Electric Phased-change Actuator [21] are methods for printing an actuator that is deformed by air pressure using a soft material such as silicon and a film sheet. Moreover, methods of designing complex balloon shapes using a computer, such as Computational Design of Rubber Balloons [28] and Designing Inflatable Structures [29] , have been proposed. In addition, inflatable structures are applied in the area of soft robots [7] . Furthermore, a modeling method for shape-changing materials is also proposed by combining not only a flexible material but also a hard material [11, 14] .
However, because the above-mentioned methods use a soft material, the strength is an issue, e.g., there can be easy breakage. Contrastingly, methods of forming a rigid inflatable shape using a thermoplastic resin, such as BlowFab [38] and FormFab [20] , have also been proposed. Although these methods can print hard objects, the printed objects have 2.5D shapes and are difficult to express in detail.
In addition, digital fabrication using a foam material has also been proposed. A foam ink is used to print an uneven surface with a 2.5D printer (Mofrel, CASIO COMPUTER CO., LTD.). In our method, a foam material is used to create a 3D object.
In the area of construction, the use of urethane foam to build large structures in a short time has been proposed [9] . There is also research on robots that use urethane foam to make their own bodies [1] .
In our research, because a user print a 3D object by stacking foam materials computationally, it is possible to form a complex structure while controlling the areas of the expansion rate.
Expanding materials
Many expandable materials and devices are also reported. Polymer gels are broadly defined as cross-linked polymer networks that are swollen in solvents. Some polymer gels are known as stimuli-responsive gels, and a few that cause swelling and contraction in response to an external stimulus such as temperature, pH, and light have been reported [6] [30] [8] . Furthermore, a method of 3D printing gels has been proposed for 3D tissue engineering, medical application, and food industry [16] [26] [4] . However, since these gels contain a solvent, in atmospheric environment, the stability becomes an issue.
Several techniques for expanding in air have also been reported. A dielectric elastomer actuator (DEA) is an actuator device that is composed of two soft electrodes on both sides of a dielectric elastomer layer [23] . It is deformed by Maxwell's pressure when an electric field is applied. The size of a balloon made of DEA can be reversibly controlled by applying an electric field [10] .
A soft actuator that disperses ethanol in a silicone elastomer and expands it by temperature has been proposed [15] . Octobot, a soft robot formed by 3D printing, realizes sequential movement using a gas generated by a chemical reaction occurring in a body [36] . Materials and mechanisms that can cause such expanding deformation are being considered for use in soft robots and interfaces. They require electric power or a fuel source for driving [40] .
Foam materials, such as urethane foam, are irreversible once reacted, but can stably maintain their structure thereafter. On adding a foam material and performing polymerization, a chemical reaction proceeds with the generation of a gas. This strategy is used in various applications such as packaging materials and construction materials. Generally, foam materials are used at the desired location via a mold or spray [42] . We describe the basic principles of the fabrication of an object using our technique. Traditional methods of creating foam materials involve mixing two different materials or heating a foam powder, but they require a mold. To create a foam object by the 3D printing process, we developed a foam material cured by UV light. The foam material consisted of a foam powder (EMH204, SEKISUI CHEMICAL Co., Ltd.) and UV-curing elastic adhesive (BBX-UV300, CEMEDINE Co.,Ltd.).
BASIC PRINCIPLES
Foam powders are micro capsules that contain hydrocarbons inside thermoplastic polymer cells ( Figure 4 ). The diameter of a single capsule is 36 -44 µ m at normal temperature.
In addition, we selected an elastic adhesive to avoid the separation between the expanded powders. We mixed the stretchable adhesive and foam powder using a mixer and a deaerator. The UV-curable elastic adhesive can be bonded in a short time with a UV lamp. As the powder expands, the adhesive expands with the powder so that the object as a whole expands gradually from the surface. The maximum expansion rate of this material is 2.7 times.
The expansion starts from 110 -130 • C, and the temperature that induces maximum expansion is 160-180 • C. We set the heating temperature to 160 • C since the surface starts to burn and melt when heated above 180 • C.
In this research, we explore a 3D print method to fabricate expandable objects based on this principle. However, as a preliminary test, we tested to create a simple shape made with a mold. For example, based on data designed on CAD, the user models a concave shape and prints it with a 3D printer ( Figure 5 ). The material is poured into it and cured with UV light. Based on this method, we created a cubeshaped object for use in the following experiment. 
Controlling the expansion rate
In this work, the expansion rate could be controlled by changing the content of the foam powder. We investigated the relationship between the expanded powder and blending ratios. First, we prepared cubic objects with a side of 10 mm ( Figure  6 A -F). The blending ratios (weight) of each object was 0%, 10%, 20%, 30%, 40% and 50% ( the amount of powders). After heating, the expansion rate of each object was finally averaged to 160%, 190 %, 230 %, 247 %, and 270 %, as shown in the Figure 7 (Figure 6 A' -F').
From this result, we calculated an approximate curve. When the powder content percentage (%) is R, the expansion rate (%) is L and coefficient of expansion (= 3.29) is a, which can be expressed by the following equation:
In the case of a blending ratio of 40 %, the adhesion effect is lowered, and it becomes easy to have crack between the laminations. In our experiment, the material from 0 % to 40 % was able to be molded without cracking.
Furthermore, when printing a 3D object, it is necessary to make the viscosity constant in order to improve the printing accuracy. However, when the viscosity is too low, it is difficult to print while laminating. For example, the blending ratio of the foamed powder of the object in the Figure 8 b is 10 %, the shape of the tip droops. In this case, the viscosity of the material is unified to 40 % so that it is easy to stack. To that end, we mix foam powder and acrylic powder. For example, in the case of producing a material having a foam rate of 10%, the foam powder is 10%, the acrylic powder 30%, and the adhesive 60% ( 
ALGORITHM AND USER INTERFACE Software algorithm how to convert the model data into the printing data
Users can create objects using molds, but 3D printing techniques are required to swell objects locally. In order to design a locally expanding model, it is necessary to develop an algorithm by simplifying the expanding principle.
Based on the experimental results, we predict the shape after dilation. This time, the software is implemented by the CAD software, Rhinoceros. The added plugin is Kangaroo, Yellow of the visual program, Grasshopper. We convert a 3D model into voxels so that it is easy to calculate (Use the Voxelize Geometry component of Yellow to convert a mesh model into 1 mm square voxels). First, draw diagonals from each vertex of the cube toward the center as shown in Figure 9 . Replace the diagonal line with the spring (the SpringFrom-Line component of Kangaroo.), and set the elongation rate of the spring referring to the equation of the Basic Principles. As shown in Figure 9 , when the blending ratio of each cube is 10 % and 30 %, the elongation rate of each side is as 160 %, 230 %. As a result of considering the influence of the diagonal springs, the result is as shown in the right side of Figure 9 .
The Figure 9 a, b shows the result of creating model data using this algorithm and actually printing and expanding the object. We prepared cubic object consisting of two layers with different expansion ratios; each layer had a thickness 10 mm. Each blending ratio is 10 % and 30 %.
When object was expanded, the result is finally as shown in the Figure 9 c, d. The expanded object is close to the shape of the simulated model, but there is a slight gap at the boundary. If there is too much difference in foaming rate, this gap tends to widen. As a result of prior experiments, we found that when there was a difference of more than 20 %, it was easy to peel. We reflect it in the software as a warning.
User Interface
Furthermore, based on this algorithm, we developed an interface that allows users to design models that combine expansion rates more intuitively using the CAD software, Rhinoceros.
First, a user designs the expanded shape as a mesh model on the screen of Rhinoceros (Figure 10 a) . The user divides the model using a slice tool. Then, the user assigns the designed mesh from the control panel, and sets the expansion rate by moving the slider (Figure 10 b) . The expansion rate is preferably under 40 % based on the equation calculated by the basic principle. If the user sets the blending ratio to more than 40 %, a warning is displayed that the object tends to crack.
Moreover, for the user to expand the surface locally by controlling the expansion rate, the user needs to divide the created model data. The user divides the model using Mesh-Boolean. The user registers each mesh model in the control panel and sets the expansion rate of each object (Figure 10 c) . At this instance, to avoid peeling off from adjacent surfaces, if the difference in the blending ratio is closed with 20 %, a warning is displayed that the object tends to crack.
In this fabrication process, we created a octopus-shaped object. we set the expansion rate of a head part was 30 %, and the expansion rate of a foot part was 10 %.
Finally, when the user presses the convert button, the expanded model is displayed on the screen and output models as STL data (Figure 10 d) . The user converts each STL model data into a Gcode (the controlling commands of a 3D printer), using the converting software Sli3r. The user imports the generated Gcode into the Processing software connected in serial communication with the 3D printer and microcomputer, and the software starts printing.
FABRICATION PROCESS
Based on the generated G-code data from the design software, the printing device prints a 3D pre-foamed object. The hardware of ExpandFab consists of a 3D printing machine, a material syringe, a dispenser, an air compressor, a UV lamp, and a control microcomputer, as shown in Figure 11 .
We attach several material syringes at the head position of the 3D printer (Lepton2, MagnaRecta Co., Ltd.). The syringes are mounted with magnets, and the printer can switch multiple syringes during the printing process and control the position of the syringe. The syringe is connected to a dispenser to eject the material pneumatically. The printable work area is 200 mm × 200 mm × 200 mm.
The computer connects a microcomputer (Arduino UNO), which microcomputer controls the timing of injecting the In addition, to cure the material, as in the previous research by Zhu et al. [43] , We decided to form a layered object using a UV curable resin. This is because it can be formed in a short time and can be printed without applying heat. a servo motor controls the irradiation of a UV lamp (HLR100T-2, SEN LIGHTS Co., Ltd.) by opening and closing the lamp cover. The quantity of UV light is 170 mW /cm 2 and the distance from the UV lamp to the printed object is 400 mm.
Printing process
First, the 3D printer prints the first layer by closing the lamp cover (Figure 12 a) . When a user uses several printing materials with different expanding rates, the 3D printer switches tools (Figure 12 b) .
After printing, the motor opens the lamp cover, and the lamp irradiates UV light on the printed object for 60 s (Figure  12 c ). If the printed object is irradiated for a long time, the boundary of the layers hardens, and the layers do not stick together. However, if the irradiation time is short, the liquid drips and cannot be stacked in the height direction. Because of the pre-verification, when the UV light irradiated the printed object for more than 90 s, the layers are peeled off. In the printing process, we set the irradiation time of the UV lamp to 60 s.
After the half curing of one layer, the lamp cover is closed, and the 3D printer prints the second layer in the same process (Figure 12 d) . The cover and air pressure are controlled by the commands included in the G-code. The processing software execute these commands when the printer prints the next layer.
Parameters of the air pressure
The viscosity of the material changes according to the content of the foam powder. Therefore, the system needs to change the air pressure pushing out the material based on the blending ratio of the material. We investigated the optimum air pressure for a nozzle internal diameter of 0.61 mm. The vacuum value of the air dispenser is fixed at 4.48 kPa. We set the air pressure value of the air dispenser and the speed of moving head of 3D printer while referring to the Table 1 . These values are just a guideline because the user need to adjust the values according to the resolution and the height of the layer.
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Heating process
After shaping the object, a user applies the foam powder to the surface to eliminate the surface tackiness. In the expansion process, the user heats the oven to 180 • C, inserts the printed objects, and changes the heating time according to the volume of the objects. A user can inflate the objects with other heating devices such as a heat gun. Because it is necessary to heat the entire surface uniformly, the user needs to have skills to heat locally. In the preliminary test, we created sphere-shaped objects and investigated the relationship between the object volume and heating time. We found that the heating time increased depending on the volume of the objects. When the volume was 1.767 cm 3 , the heating time was 584 s. However, when the volume was 8.181 cm 3 , the heating time was 1717 s. If the object is heated too much, the surface burns and changes color.
Moreover, according to the SDS of the foam powder, carbon dioxide gas and harmful vapors may generate during heating. It is also specified that it is desirable to install a local exhaust system and that the material should be handled under sufficient ventilation. Figure 14 shows a octopus-shaped object ( the width of the printed object is 52 mm ) printed using this fabrication process. The blending ratios were 30 % ( a body part ) and 10 % ( a foot part ), and the printing time was approximately 90 minutes. When we heated this object with an oven ( 180 • C ) for approximately 10 minutes, the object expanded approximately 2.5 times ( the width is 130 mm ).
APPLICATIONS Object changing to various shapes
A user can create an object that changes from its shape to a different one by modeling using materials with different expansion ratios. By heating a squares shape (size is approximately 50 mm) and the blending ratios were 10 % and 30 Papers Session 2: Creating and Changing Shapes TEI '20, February 9-12, 2020, Sydney, NSW, Australia %, the printed objects morphs into various shapes, such as shown in Figure 15 . The user first designs the shape and designates the expansion rate manually. Then, the user designs the model by adjusting the expansion rate while comparing the simulated shape of the expanded objects. By using this method, it can be applied to toys that deform from capsules to animal shapes, shape changing accessories. 
Functional prototype with electronic components
Compared to the hollow structure of an inflatable shape, a printed object using our method has the feature of an interior filled with a foam material. Therefore, it is possible to expand it while fixing the parts that are inserted inside the object.
As an advantage, our method can enlarge the object without changing the relative position of the parts. For example, when a user creates an object with a shining eye using an LED, the relative position of the eyes does not change even if the object is inflated. Another advantage is that components and electronic-boards that are difficult to put into the object later can be expanded while being fixed inside the object. For example, as shown in Figure 16 , when a user creates a prototype of LED lighting, the user places the LEDs inside the printed objects during the printing process. Figure 16 is the model data of the LED light. It is assumed that the parts will be constrained and affect the shape of expansion. However, by simulating the inserted part as a non-expanding voxel, the software can assume a certain amount of the expanded shape. During the printing process, the user put LEDs inside the half printed object (16 b).
These objects were made of a blending ratio of 1:4. By heating the printed object, the positions of the LEDs expand while maintaining the same positions relatively (16 d, e ). After printing the objects (16 c), the user needs to connect the wires from the outside. Since we did not use stretchable wires this time, the user had to connect the electronic components after the material had expanded. If the pin of the component were short, it may get buried in the expanded material. In the sample with a built-in LED (35 mm in diameter), the LED's legs which were 10 mm long before expansion became 5 mm long after expansion. If the component pin is short, it is necessary to devise an extension of the pin. 
DISCUSSION Structure and Resolution
Once an object printed with ExpandFab is expanded, it cannot be restored to its original shape. This application is different from collapsible usages such as inflatable objects. As compared with inflatable objects, it is not necessary to keep the air pump to continuously inflate by expanding the object.
Current hardware does not print using a support material, our system has limitations on the printable shapes. Compared to a FDM 3D printer, objects are tend to broken when printing an inclined shape. Therefore, by using a watersoluble resin as a support material, it is possible to dissolve the support material after printing and expand a complicated object.
Regarding the resolution, the number of layers remains the same even if the object is expanded. The accuracy is lower than that of objects of same size created by a highresolution 3D printer. Therefore, we considered applications of printing low-resolution objects to examine the size, such as in Low-Fidelity Fabrication [17] . The current highest resolution setting of the our system is described in the Table 1 . In order to print at higher speed, it is necessary to increase the pressure value and the moving speed of the 3D printer ( For example of the blending ratio is 10 %, the air pressure value is 40 psi and the speed of 3D printer is 150 mm/min).
Printing vs Molding
Styrofoam can be shaped using a mold. However, the size of the mold is large because the mold is in a shape after expansion.
Using the software of ExpandFab, the shape before expansion is simulated, and a common 3D printer prints the simulated shape. The user can create a foam object by pouring the material into the mold and curing it. Compared with 3D printing using a foam material, using a mold can print high resolution shapes. However, it is difficult to inject different materials to locally for changing the expansion rate. It is also difficult to cure the object uniformly, and users need to harden layer by layer.
3D printing can be printed automatically while mixing materials with different expansion rates. It can also print complex internal structure shapes that are difficult with molds.
Scalability
The size limit of the current expanded object depends on the printable size of the 3D printer. In the current system, it is possible to create an object of about 2.7 times the size of the printable size. When a user creates a large object, it is conceivable to expand the folded object by combining materials with different expanding rates. Alternatively, a method of printing a part containing a magnet inside and connecting and assembling each expanded part may be considered.
The current software outputs the model data of the printed object when a user designs an expanded shape and sets the expansion rate. However, it is desirable to automatically calculate the placement of the material with the optimal expansion rate based on the expanded shape and pre-expanded shape. This will be a future task as it requires a highly-developed inverse calculation.
Printing speed
Here, we compare the printing speeds of the conventional 3D printer and ExpandFab method. For example, printing a 90 cm 3 cube-shaped object with the conventional 3D printer (the layer height is 0.5 mm) requires 15 hours. Contrastingly, when creating an object of 90 cm 3 by our method, the 3D printer first prints an object of 30 cm 3 using a material with an expansion rate of 3 times. After printing, the object is expanded to 90 cm 3 . The printing time of this object is about 120 min (60 minutes for printing, 60 minutes for curing), expansion time is 5 min, and total fabricating time is 125 min.
Strength
We investigated the strength of the printed objects after expansion. We printed a dumbbell-shaped object with a length of 30 mm and width of 5 mm using a material with the blending ratios of 40 %, 30 %, 20 % and 10 %. After expanding each object, we measured the breaking point using a tensile tester. From the results, we calculated the strain-stress diagram of the object before and after expansion ( Figure 17 ). From this result, the expanded object tends to break, and when the foaming rate is increased, the object tends to break.
Moreover, we investigated the load test using the expanded objects. When a 10 kg weight was placed on the expanded object (cylinder: 9.0 mm high, 33 mm in diameter), the object's height changed to 7.5 mm. In the case of a 20 kg weight, the height changed to 4.4 mm. The calculation of the detailed changes will be considered in the future. 
Heating process
This time, we used an oven to heat the entire object uniformly. The soldering iron and the hot plate directly hit the surface of the object, the surface is burnt and it is difficult to expand the object.
To heat locally, it is necessary to heat an object with a heat gun. For example, as shown in Figure 18 , when the size of the printed insole ( the blending ratio is 20 %) does not fit the foot, the user can adjust the shape of the insole by heating and expanding the surface locally. Furthermore, it is considered that the combination of a CNC and spot heater can dynamically specify the heating place. This is expected to be applied to dynamically change the inflating point as needed. 
Combination with other materials
In this work, the material was made by combining only a foam powder and an elastic adhesive. However, we believe that mixing various other materials can add numerous functions to the object. For example, full-color objects can be printed by preparing a plurality of materials mixed with colorants. By mixing thermo ink, it is possible to form a material that changes color depending on the temperature. In addition, magnetic materials can be made by mixing magnetic materials such as ferrite powder. We plan to create objects with various colors and functions while switching between multiple materials.
CONCLUSION
We proposed ExpandFab, a 4D printing method using an expandable material. Combining a foam powder and flexible adhesive, a user can create expanding objects that expands up to maximum approximately 2.7 times. For creating the expanding part computationally, we conducted experiments at different expansion rates and different powder blending ratios. We found that by controlling the compounding ratio of the powder, the expansion rate was controlled, and we created various examples such as objects changing from one shape to other various shapes. For creating these objects, based on the experimental data, we developed a CAD software that allowed designing the expansion point and confirmed the expanded shape in advance.
We plan to improve the hardware in a future task. For creating high-resolution objects rapidly, control of the 3D printer, such as its printing speed and UV lighting, needs to be improved.
We also plan to improve the software for an intuitive modeling environment. Specifically, when a user designs pre-expanded and expanded models, the software will automatically calculate the expansion rates and expanded areas of the different materials using an inverse calculation algorithm.
For creating objects with built-in circuits, it is necessary to arrange electric components inside them using elastic wires. By printing a heater inside the printed objects, the internal heater expands the object with battery-power.
